Volume effects on fatigue life of equine cortical bone
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Abstract
Materials, including bone, often fail due to loading in the presence of critical ﬂaws. The relative amount, location, and interaction of
these ﬂaws within a stressed volume of material play a role in determining the failure properties of the structure. As materials are
generally imperfect, larger volumes of material have higher probabilities of containing a ﬂaw of critical size than do smaller volumes.
Thus, larger volumes tend to fail at fewer cycles compared with smaller volumes when fatigue loaded to similar stress levels. A material is
said to exhibit a volume effect if its failure properties are dependent on the specimen volume. Volume effects are well documented in
brittle ceramics and composites and have been proposed for bone. We hypothesized that (1) smaller volumes of cortical bone have longer
fatigue lives than similarly loaded larger volumes and (2) that compared with microstructural features, specimen volume was able to
explain comparable amounts of variability in fatigue life. In this investigation, waisted rectangular specimens (n ¼ 18) with nominal
cross-sections of 3 � 4 mm and gage lengths of 10.5, 21, or 42 mm, were isolated from the mid-diaphysis of the dorsal region of equine
third metacarpal bones. These specimens were subjected to uniaxial load controlled fatigue tests, with an initial strain range of 4000
microstrain. The group having the smallest volume exhibited a trend of greater log fatigue life than the larger volume groups. Each
volume group exhibited a signiﬁcant positive correlation between the logarithm of fatigue life and the cumulative failure probability,
indicating that the data follow the two-parameter Weibull distribution. Additionally, log fatigue life was negatively correlated with log
volume, supporting the hypothesis that smaller stressed volumes of cortical bone possess longer fatigue lives than similarly tested larger
stressed volumes.

Keywords: Equine third metacarpal; Fatigue life; Weibull analysis; Volume; Failure

1. Introduction
Cortical bone is analogous to a ﬁber-reinforced ceramic
matrix composite with the osteons acting as ﬁbers within
an interstitial matrix (Currey, 1964; Hogan, 1992; Buck
walter et al., 1995; Martin et al., 1998; Bigley et al., 2006).
Ceramic matrix composites often show fatigue life varia
tion due to the number and distribution of defects
(Weibull, 1951; Hertzberg, 1996; Wisnom, 1999; Cattell
and Kibble, 2001; Rentzsch, 2003). Although osteonal
bone possesses several advantageous properties associated
with ceramic matrix composites, it also possesses defect

populations. Microcracks, regions of poor collagen quality,
and microstructural components acting as stress concen
trators (e.g. osteons, Haversian canals, resorption cavities)
have been associated with low toughness in cortical bone
(Schafﬂer et al., 1995; Wang and Puram, 2004; O’Brien
et al., 2005). These interactions of microcracks with the
microstructural components suggest that a single value of
material strength or toughness is not sufﬁcient to
characterize the failure behavior of bone tissue.
1.1. Weibull statistical theory
Brittle material failure can be caused by a single critical
defect or by several small defects acting together to create a
critical ﬂaw (Wisnom, 1999). The Weibull ‘‘weakest link’’
approach enables failure characterization when defects can

be assumed to be randomly distributed throughout a
material (Weibull, 1951). Due to the statistical nature of
the occurrence and size of such defects in ceramic
materials, many exhibit a volume effect. A material is said
to exhibit a volume effect if the probability of failure
increases in proportion to the stressed volume of the
specimen. Grifﬁth (1920) reported that failure strength
increased with decreased ﬁber diameter in his pioneering
work on brittle solids. Such volume effects are fundamental
to understanding failure probability (Wisnom, 1999;
Rentzsch, 2003).
If failure is determined by the presence of a critical
defect, and such defects occur randomly within a material,
it follows that for a given stress, larger volumes of a
material will have higher failure probabilities because they
have a higher probability of possessing a critical defect
(Hertzberg, 1996). Weibull’s statistical theory can be used
to characterize the variability in fatigue life associated with
the size of a structure or test specimen (Wisnom, 1999;
Cattell and Kibble, 2001).
The two-parameter Weibull fatigue life model can be
used to describe the failure probability, P, of a volume, V,
of a material subject to a cyclically applied uniform stress
ﬁeld:
� � �mf �
Nf
P ¼ 1 � exp V
,
(1)
N0
where Nf is the number of load cycles, N0 is the
characteristic fatigue life of a unit volume, and mf is the
Weibull fatigue modulus (Weibull, 1951; Hertzberg, 1996;
Wisnom, 1999; Cattell and Kibble, 2001). The fatigue
modulus describes the shape of the distribution and is
representative of the fatigue life variability among test
specimens of the same volume tested under similar stress
conditions. High values of mf correspond to reduced
variability of fatigue life, while small values of mf are
associated with increased variability in fatigue life
(Rentzsch, 2003).
1.2. Volume effects in bone
Taylor (1998) analyzed fatigue strength data from
numerous sources and published a model for bone fatigue
strength based on stressed volume. In this volume effects
model, the fatigue strength of human bone was deﬁned as
the failure stress range in MPa, determined from a stresslife curve, for a fatigue life of 100,000 cycles for bone tested
wet at 2 Hz in zero-to-tension corrected to 37 1C (Taylor,
1998; Taylor et al., 1999). The study demonstrated that
prediction of bone fatigue behavior from small test
specimens is not applicable to larger specimens unless the
volume effect is considered (Taylor, 1998). Taylor and
Kuiper later combined this stressed volume model with
ﬁnite element modeling to predict clinical stress fracture
probabilities in the human tibia (Taylor and Kuiper, 2001).
The model was later reﬁned to incorporate the effects of
remodeling and damage (Taylor et al., 2004). Weibull

theory has also been used to analyze equine and human
fatigue data to investigate the implications of volume
effects on bone adaptation (Yeh and Martin, 2003). This
investigation revealed Weibull fatigue life moduli ranging
between 0.5 and 1.5 for initial strain amplitudes between
�5000 and +10,000 microstrain. Although these studies
successfully used the Weibull distribution to analyze
fatigue strength data, to our knowledge no a priori study
has directly tested the applicability of the Weibull
distribution to cortical bone strengths measured using
specimens of different volumes.
We hypothesize that strength volume effects in cortical
bone are manifested in fatigue life and can be characterized
by Weibull theory. Consequently, for a given applied
stress, smaller stressed volumes have a lower probability of
failure and will thus possess a statistically longer fatigue life
when compared with larger stressed volumes. Additionally,
we hypothesized that the observed volume effect explains
variability of the fatigue life of equine cortical bone not
accounted for by microstructural variables.
2. Methods
2.1. Experimental preparation
Originally, 30 specimens were obtained from the third metacarpal
(cannon) bones of 15 necropsied Thoroughbred racehorses. These
racehorses consisted of 4 females, 3 males, and 8 castrated males with
ages ranging between 2 and 7 years. The bone specimens were kept frozen
at �20 1C except while machining or testing, when they were hydrated
with saline at room temperature. One rectangular beam, nominally
140 � 15 � 6 mm, was cut with a bone saw (Hobart Corp, Troy, OH) from
the dorsal region of the mid-diaphysis from each bone. The beam’s long
axis was aligned with the anatomical long axis of the bone. The width
(15 mm) and thickness (6 mm) corresponded to the circumferential and
radial anatomical directions, respectively.
Using a computer numeric controlled (CNC) mill (Prolight 1000, Light
Machines Corporation, Manchester, NH) specimens were wet machined
into three different volume groups. The gage lengths of the rectangular
waisted tensile test specimens resulted in volumes of 126, 252, or 504 mm3
(Fig. 1). The machined specimens were then lightly polished with 800-grit
carbide paper to remove any surface artifacts from the machining process.
The machined specimens were tested in random order. Each specimen
was thermally equilibrated for 30 min, and fatigue tested under constant
irrigation with calcium-buffered saline solution at 37 1C (Gustafson et al.,
1996). Fatigue testing was performed using an MTS 810 servohydraulic
testing machine (MTS Corporation, Eden Prairie, MN) running Testware
SX software in accordance with the guidelines speciﬁed in the American
Society for Testing and Materials Standard E8M-01. Sinusoidal (2 Hz)
fatigue tests to failure were conducted in load control using a
predetermined initial strain range of Dei ¼ 4000 meU This initial strain
range was selected based on previously reported strains for Thoroughbred
racehorses (Nunamaker et al., 1990; Gibson et al., 1995). Strain was
measured by an extensometer (MTS models 632.26E-30, 632.26B-30,
632.12B-30) attached with small elastic bands to the waisted region. Load
was measured using a 2446 N (550 lb) capacity load cell (MTS model
661.18C-02).
Each specimen underwent 100 preconditioning cycles (10–100 N) using
a 2 Hz sinusoidal waveform. The tensile elastic modulus of each test
specimen was then deﬁned as the average modulus of the last 3 cycles of a
6-cycle triangular waveform, applied at 2 Hz, for a loading range of
10–600 N. Subsequently, the force, F, necessary to produce the desired
initial fatigue test strain, ei ¼ 4000 me, was calculated from the elastic

modulus, E, and the cross-sectional area of the test specimen, A, using
F ¼ ei AE.

(2)

The fatigue life tests were conducted using a 2 Hz sinusoidal waveform
between 10 N and the calculated force, F. Failure was deﬁned as complete
fracture of the test specimen. The number of cycles to reach failure, Nf, for
each test specimen was recorded as the fatigue life. Specimens were
excluded from further analysis if failure occurred outside the waisted gage
region.

2.2. Analysis of variance
The effect of volume (V1, V2, V3) on log(Nf) was assessed using a mixed
model analysis of variance that accounted for repeated measures within
horses, and included age as a continuous variable and sex as a categorical
(female, male, castrated male) ﬁxed effect. The horse-subject effect was
treated as either a ﬁxed or random effect in separate models. Least-squares
means adjusted for other factors in the model were used to assess pairwise
comparisons (SAS v9.1.3, Cary, NC). Statistical signiﬁcance was reported
for po0.05.

2.3. Individual Weibull analyses

i � 0:3
,
n þ 0:4

Transverse sections of the specimens were cut just proximal and distal
to the fracture surface of each fragment using a low-speed diamond saw
(Isomet Buehler, Lake Bluff, IL). These sections (100710 mm thick) were
subsequently mounted onto glass slides using Eukitt mounting media
(Calibrated Instruments, Hawthorne, NY) and underwent histomorpho
metric analysis.
The histomorphometric analysis was conducted over the entire crosssection (nominally 3 � 4 mm) on both the proximal and distal sections
from each specimen. Images of the cross-section were acquired using an
Olympus BH2 microscope and CCD camera with an objective magniﬁca
tion of 10X. A 3 � 3 grid, totaling nine images, spanned the entire crosssection. This analysis area was deﬁned as B.Ar ¼ 2.6 � 3.2 mm ¼
8.32 mm2.
The equine specimens were highly remodeled, leaving very few primary
osteons. Secondary osteons were identiﬁed and counted by the presence of
a prominent cement line. Additionally, secondary osteons were counted as
complete if they possessed three radii covering greater than 80% of the
osteonal area. The number of osteons in each analysis area was counted
and divided by the analysis area, B.Ar, to obtain the osteon density
(On.Dn, ]/mm2):
On:Dn ¼

The Weibull modulus, mf, and characteristic fatigue life, N0, were
determined for the three different volume groups based on their respective
failure probabilities. Within each group, fatigue life was ranked from
shortest to longest and the respective failure probabilities were calculated
using the Bernard median rank (Wisnom, 1999; Cattell and Kibble, 2001).
Median rank is an estimator of the true failure probability, Pi, for the ith
ranked fatigue life, Ni, and is given by
Pi ¼

2.5. Histomorphometry

(3)

where i is the rank of the fatigue life and n is the group sample size
(n ¼ 6 for each volume group) (Cattell and Kibble, 2001). For each
volume group, Eq. (1) can be rewritten in linear form by taking the natural
logarithm twice,
�
�
1
ln ln
¼ mf ln ðN i Þ � mf ln ðN 0 Þ,
(4)
1 � Pi

N:On
.
B:Ar

(6)

Two perpendicular cement line diameters were measured and averaged
for six randomly selected osteons in each of the nine ﬁelds, resulting in a
total of 54 osteon diameters per section. The osteon diameter (On.Dm,
mm) for each specimen was deﬁned as the average of the cement line
diameters (54 diameters/section � 2 sections/specimen ¼ 108 diameters)
for each specimen.
Haversian canal diameters (H.Dm, mm) were measured in the same
manner as cement line diameter, for each of the six randomly selected
osteons. Porous cavities (resorption cavities and Volkmann’s canals) were
counted (N.Po) and measured using two perpendicular diameters (Po.Dm,
mm) across each of the nine ﬁelds. Total porosity (PO, %) was deﬁned as
the combined Haversian canal area and porous cavity area divided by the
total analysis area (B.Ar):
PO ¼

ðp=4Þ½N:PoðPo:Dm2 Þ þ N:OnðH:Dm2 Þ�
.
B:Ar

(7)

where Pi is the failure probability, mf is the Weibull fatigue modulus, and
N0 is the characteristic fatigue life. Regression of the failure probability
against the fatigue life allows each volume’s fatigue modulus and
characteristic fatigue life to be calculated (SAS v9.1.3, Cary, NC).

Regression analyses (SAS v9.1.3, Cary, NC) were performed to
determine whether histomorphometric parameters correlated with
specimen volume or the measured mechanical properties, including
elastic modulus, and fatigue life. Statistical signiﬁcance was reported for
po0.05.

2.4. Combined volume effects analysis

3. Results

Assuming equal material failure probabilities, the volume effect on
fatigue life ratio for two specimens of volumes VA and VB is

Twelve test specimens were excluded from the analysis
because failure occurred outside of the waisted gage region.
The current analysis consists of 18 test specimens from 14
racehorses (3 females, 3 males, 8 castrated males) between 2
and 6 years.

� �1=mv
NA
VB
¼
,
VA
NB

(5)

where NA and NB are the respective fatigue lives, and mV is the Weibull
volume modulus (Wisnom, 1999; Cattell and Kibble, 2001). For
geometrically similar specimens with uniform stress distributions, the
volume effect on fatigue life can be determined from a log–log plot of Eq.
(5), where the slope is the negative reciprocal of the Weibull volume
modulus, mV (Wisnom, 1999; Cattell and Kibble, 2001). The distinction
between fatigue modulus, mf, and volume modulus, mV, is in the manner
of determination. The Weibull fatigue modulus is determined within
individual volume groups while the Weibull volume modulus is
determined across the different volume groups. For a material that can
be described by the Weibull distribution, the two values should be similar
because they are derived from the same distribution (Wisnom, 1999;
Cattell and Kibble, 2001).

3.1. Analysis of variance
The mixed model repeated measures analysis of variance
with horse as a repeated random subject resulted in nearly
signiﬁcant volume (p ¼ 0.071) differences in log(Nf), while
age (p ¼ 0.380) and sex (p ¼ 0.276) did not demonstrate
signiﬁcant effects on log(Nf). Subsequent post hoc compar
isons showed that the largest volume group, V3, had a
signiﬁcantly lower mean log(Nf) than the intermediate
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Table 1
Summary of various physical, mechanical, and histomorphometric parameters for the 18 equine specimens (mean7standard deviation)
Parameter

Specimen volume group

Age (years)
Volume, V (mm3)
Fatigue life, Nf (cycles)
log(Nf)
Weibull fatigue modulus, mf
95% Conﬁdence interval (mf)
Characteristic fatigue life N0, (cycles)
Osteon diameter, On.Dm (mm)
Porosity, PO (%)
Osteon density, On.Dn (]/mm2)

V1

V2

V3

4.070.6
118.3711.6
17,392711,184
4.1770.27
1.65
(0.95, 2.36)
20,055
167733
4.372.6
26.976.8

4.770.5
248.874.9
14,51179565
4.0970.28
1.62
(1.17, 2.07)
16,677
161720
3.171.5
24.974.7

3.571.6
497.577.4
674173919
3.7570.32
1.43
(1.06, 1.81)
7927
162711
2.971.2
23.174.1

R

y1 = 1.65x1 - 16.38 ,
R12 = 0.91

1.5

w

B

y2 = 1.62x2- 15.76 , y3 = 1.43x3 - 12.88
R22 = 0.96
R32 = 0.97

1

L
t

Fig. 1. Diagram of a tensile test specimen. All specimens had nominal
dimensions of total length ¼ 100 mm, R ¼ 4.875 mm, w ¼ 4 mm,
B ¼ 10 mm, and t ¼ 3 mm. Length was variable at L ¼ 10.5, 21, and
42 mm.

ln(ln(1/(1-P)))

total length

0.5
0
-0.5
-1
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V2
V3
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4.50
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p = 0.038

horse-fixed
horse-random

-2.5
7

4.25

8

9
ln (Nf )

10

11

log (Nf )

4.00
Fig. 3. Weibull probability plot for each volume group. Slopes are the
Weibull fatigue moduli, mf. Intercepts on log(Nf) axis are used to
determine N0.

3.75
3.50

3.2. Individual Weibull analyses
3.25
3.00
V1

V2
Volume Group

V3

Fig. 2. Least squares mean log fatigue life for each volume group adjusted
for age, sex and horse effects (mean7SD). In the ﬁxed effects model, the
largest volume group, V3, had a nearly signiﬁcant lower mean log(Nf) than
both the intermediate volume group, V2 (p ¼ 0.089), and the small volume
group, V1 (p ¼ 0.083).

volume group, V2 (p ¼ 0.038). Differences between volume
groups V1 and V2 (p ¼ 0.090) and V1 and V3 (p ¼ 0.135)
approached but did not reach signiﬁcance. Similar trends
existed when horse was treated as a ﬁxed subject
effect. Fatigue life and volume data are summarized in
Table 1, while Fig. 2 presents log(Nf) across the groups V1,
V2, and V3.

All three volume groups, V1, V2, and V3, had signiﬁcant
regressions of the failure probability (p) against log(Nf)
(p ¼ 0.003, p ¼ 0.001, po0.001, respectively, Fig. 3.),
demonstrating that the two-parameter Weibull model is
applicable for the analysis. Individual Weibull fatigue
moduli, mf, and characteristic fatigue lives, N0, were
calculated for each group (Eq. (4), Table 1). As expected,
the Weibull fatigue moduli were not different (ANOVA,
p ¼ 0.656) between the volume groups because the slopes
are related to the specimen’s material failure properties.
3.3. Combined volume effects analysis
Transformed fatigue life, log(Nf), was signiﬁcantly
dependent on log(V) for all specimens (Fig. 4, linear
regression, p ¼ 0.0187, R2 ¼ 0.30). The correlation was
negative, demonstrating that fatigue life decreases with
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increases in volume. As expected, the Weibull volume
modulus of mV ¼ 1.47 fell within the 95% conﬁdence
intervals of fatigue moduli (mf) obtained from the
individual analyses (Table 1) (Cattell and Kibble, 2001).

The summarized histomorphometric parameters for the
fatigue data set are presented in Table 1. As expected, no
signiﬁcant correlations were detected between specimen
volume measures and the histomorphometric parameters.
Regression analyses between the histomorphometric para
meters and the mechanical properties of elastic modulus, E,
and the logarithm of fatigue life, log(Nf) yielded three
signiﬁcant results (Table 2). Porosity was negatively
correlated with elastic modulus (po0.001, R2 ¼ 0.54,
Fig. 5), but had no signiﬁcant correlation with log(Nf)
(p ¼ 0.652, R2 ¼ 0.01). Similarly, osteon density was also
negatively correlated with elastic modulus (p ¼ 0.033,
R2 ¼ 0.25, Fig. 6) and had no signiﬁcant correlation with
log(Nf) (p ¼ 0.524, R2 ¼ 0.03). There was no signiﬁcant
correlation between osteon diameter and either elastic
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Fig. 5. Linear regression results of elastic modulus vs. porosity for the 18
specimens. Regression parameters are slope �842.7, intercept 19,063 MPa,
po0.001, R2 ¼ 0.54.
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Fig. 4. Volume effects on fatigue life. One specimen in the small volume
group V1 had a smaller thickness than the others, causing it to have a
smaller volume.

Table 2
Summary of regression analyses between specimen volume and histomor
phometric parameters for the 18 fatigue specimens
Regression parameters

Osteon size, On.Dm
Porosity fraction, PO
Osteon density, On.Dn
Volume, V
Elastic modulus, E

Volume, V

Elastic modulus, E

log(Nf)

p

R2

p

R2

p

R2

0.630
0.272
0.270
–
–

0.02
0.08
0.08
–
–

0.327
0.001
0.033
0.336
–

0.06
0.54
0.25
0.06
–

0.282
0.652
0.524
0.012
0.587

0.07
0.01
0.03
0.33
0.02

Bold values indicate statistically signiﬁcant (po0.05) correlations between
the histomorphometric parameter and the mechanical property.

Fig. 6. Linear regression results of elastic modulus vs. osteon density for
the 18 specimens. Regression parameters are slope �201.9, intercept
21,192 MPa, p ¼ 0.033, R2 ¼ 0.25.

modulus (p ¼ 0.327, R2 ¼ 0.06) or log(Nf) (p ¼ 0.282,
R2 ¼ 0.07).
4. Discussion
Stress fractures that occur in military recruits, athletes, and
Thoroughbred racehorses are clinical manifestations of bone
biology under the inﬂuence of the mechanical processes of
fatigue and fracture. The mechanistic principles causing these
manifestations are not fully understood. However, it appears
that variations in collagen, mineral, and other microstructural
components of bone play signiﬁcant roles in these failure
processes (Schafﬂer et al., 1987; Schafﬂer et al., 1995; Currey,
2004; Wang and Puram, 2004). Increases in mineral content

are known to increase stiffness and decrease post-yield
deformation, making the bone tissue fail in a manner similar
to a brittle ceramic (Currey, 2004). Additionally, it is clear
that microscopic mechanical damage in the form of microcracks and diffuse tissue damage occurs when bones are
loaded to physiological strain levels (Schafﬂer et al., 1990;
Boyce et al., 1998; Martin, 2003b; O’Brien et al., 2003).
Taylor (1998) has suggested that the interaction of such
defects may cause bone fatigue life to exhibit a volume effect.
In the present investigation, uniaxial load control fatigue tests
were conducted on waisted rectangular specimens from
mid-diaphyseal equine cortical bone. The hypothesis that
smaller volumes of cortical bone exhibit longer fatigue lives
than similarly tested larger volumes was supported by the
current study.
Mixed model repeated measures analysis of variance
(ANOVA) on log(Nf) initially suggested that increases in
specimen volume may result in decreased fatigue life for
similarly tested specimens. The repeated subject effect
made the model more complex. With the elimination of
specimens failing outside the gage region, the model was
more sensitive to the horse-subject factor. Speciﬁcally, the
statistical result depended on whether horse was treated as
a ﬁxed or random effect. However, the overall trend was
decreasing fatigue life with increasing volume, in concert
with the presence of a volume effect.
Regressions of failure probability on fatigue life for each
volume group indicated that the data are consistent with a
two-parameter Weibull distribution. Additionally, the
similarity in Weibull moduli across the individual volume
groups suggests that the bone material in all three groups
failed in a similar manner (Cattell and Kibble, 2001). If
different ﬂaw populations were driving failure in each of
the different volume groups, or different test parameters
were being used, the individual volume groups would be
expected to exhibit different slopes and different Weibull
moduli. For example, consider a test conducted in load
control with a lower initial peak strain. Similar to the
movement along a stress-life curve, increases in, and
variability of, fatigue life would be expected, i.e. increased
N0 and decreased mf, respectively. The only discriminable
difference between test groups here was the specimen
volume and surface area, factors reﬂected in the differences
in the mean log(Nf).
The regression between the logarithm of fatigue life and
the logarithm of volume conﬁrmed a signiﬁcant volume
effect on the fatigue life of equine cortical bone. The
Weibull modulus or slope, derived from tests involving
similar stress states, characterizes the variation in fatigue
life of a particular material independent of its volume. The
similarity of the Weibull volume modulus (mV ¼ 1.47) to
the individual moduli from the independent Weibull
analyses (mf1 ¼ 1.65, mf2 ¼ 1.62, mf3 ¼ 1.43) supports the
hypothesis that these Weibull moduli are independent of
volume. Under such conditions a deﬁnitive volume effect
on fatigue life exists for the material (Wisnom, 1999;
Cattell and Kibble, 2001).

We and others (Gibson et al., 1995; Martin et al., 1996;
Gibeling et al., 2001; Skedros et al., 2003; Bigley et al.,
2006) have shown that cortical bone mechanical properties
exhibit anatomical regional differences attributable to
variability in microstructural features. It has also been
suggested that these microstructural features may be
adapted to improve the mechanical performance of the
cortical tissue (Gibson et al., 2006). The current histomor
phometric analysis includes potentially relevant micro
structural variables. We hypothesized that the volume
effect would explain variability of fatigue life not
accounted for by additional unspeciﬁed microstructural
variables distributed throughout the bone tissue. We
postulate that these microstructural features act as stress
concentration sites for crack initiation and thus should
result in decreased fatigue life, consistent with both Weibull
theory and our data.
Application of Weibull theory to bone has limitations. In
its power law form (Eq. (1)), no characteristic material
volume is identiﬁable. A test specimen whose size
approaches the dimensions of its inhomogeneities must
have a characteristic volume (Bazant, 2005). For this
reason Weibull theory is applicable only when these
microstructures are sufﬁciently small compared with the
test specimen size (Choi and Goldstein, 1992; Taylor et al.,
1999; Bazant, 2005). In the present experiment, this
criterion was met: the largest inhomogeneities were osteons
and resorption cavities, having lateral dimensions of 163
and 108 mm respectively, about 3–6% of the test specimens’
thickness.
Additionally, Weibull theory describes brittle material
failure in which a microscopic crack grows to macroscopic
size. It does not account for local stress redistributions,
microstructural barrier effects, or energy dissipation
mechanisms associated with crack propagation in quasibrittle materials (Bazant, 2005). The incorporation of
microstructural energy release, stress redistribution, barrier
effects, and load sharing mechanisms requires more
advanced size effect analyses (Bazant, 2005). Despite these
limitations, Weibull theory was consistent with the data,
supporting the existence of volume effects in cortical bone
for specimens substantially larger than the material
inhomogeneities.
The skeleton plays an essential role in the mechanical
functioning and stability of the body. Among organ systems,
bone and muscle tissue are the two largest components of
total body weight. It has been suggested that vertebrate
muscle mass is proportional to bone mass, and the mass and
volume of these tissues are determinants of the metabolic
costs of tissue maintenance and locomotion (Martin, 2003a;
Daly et al., 2004). During daily activities, bones are
repeatedly stressed and routinely accumulate damage. Bone
damage is associated with the activation of remodeling
responses that are the means for its removal (Mori and Burr,
1993; Martin, 2002). When the rates of damage accumulation
exceed the rates of repair, catastrophic failure in the form of
stress fractures can occur.
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Bone remodeling repairs damage, permitting a lighter
skeleton. By accepting relatively high physiologic strains
and repairing the resulting damage, the metabolic costs of a
heavy skeleton are reduced (Martin, 2003a; Daly et al.,
2004). The present results demonstrate that in addition to
microstructural effects, one should also consider the
specimen’s volume as an explanatory variable with respect
to fatigue life: for a given type of bone tissue smaller
volumes of bone are more fatigue resistant than larger
volumes, providing an additional advantage for a lighter,
metabolically less-expensive skeleton.
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